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Feeding tobacco BY-2 cells with [2-13C,4-2H]deoxyxylulose revealed from the 13C labeling that the
plastid isoprenoids, synthesized via the MEP pathway, are essentially derived from the labeled pre-
cursor. The ca. 15% 2H retention observed in all isoprene units corresponds to the isopentenyl
diphosphate (IPP)/dimethylallyl diphosphate (DMAPP) ratio (85:15) directly produced by the
hydroxymethylbutenyl diphosphate reductase, the last enzyme of the MEP pathway. 2H retention
characterizes the isoprene units derived from the DMAPP branch, whereas 2H loss represents the
signature of the IPP branch. Taking into account the enantioselectivity of the reactions catalyzed
by the (E)-4-hydroxy-3-methylbut-2-enyl diphosphate reductase, the IPP isomerase and the trans-
prenyl transferase, a single biogenetic scheme allows to interpret all labeling patterns observed in
bacteria or plants upon incubation with 2H labeled deoxyxylulose.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction (4) in three steps without any change in the oxidation state ofTwo biosynthetic pathways towards isoprene units coexist in
plants: the long known cytoplasmic mevalonate pathway and the
more recently discovered bacterial 2-C-methyl-D-erythritol 4-
phosphate (MEP) pathway that is exclusively localized in plastids
[1–5]. Whereas in the MVA pathway, isoprenoids are derived from
acetyl-coenzyme A, like fatty acids, in the MEP pathway, isopre-
noids are carbohydrate derivatives, which originate from glucose
metabolism and/or Calvin cycle intermediates. The ﬁrst two inter-
mediates, pyruvate and glyceraldehyde 3-phosphate, are con-
densed by deoxyxylulose phosphate synthase, a thiamine
diphosphate-dependent enzyme, into 1-deoxy-D-xylulose 5-phos-
phate (DXP) (Fig. 1, 2), the ﬁrst C5 intermediate of the pathway.
Rearrangement of DXP via a retroaldolisation/aldolisation se-
quence [6,7], followed by the concomitant NADPH-dependent
reduction of the resulting aldehyde, affords (MEP) (3), which is
converted into methylerythritol 2,4-cyclodiphosphate (MEcDP)chemical Societies. Published by E
te; DX, 1-deoxy-D-xylulose;
hydroxy-3-methylbut-2-enyl
ethyl-D-erythritol; MEcDP, 2-
2-C-methyl-D-erythritol 4-
.
.the carbon skeleton. The last two steps correspond to the reduction
of the latter tetrol derivative into isopentenyl diphosphate (IPP) (6)
and dimethylallyl diphosphate (DMAPP) (7) by two enzymes with
a [4Fe–4S] prosthetic group. The MEcDP reductase (GcpE/IspH) cat-
alyzes the conversion of MEcDP into 4-hydroxy-2-methylbut-2-
enyl 4-diphosphate (HMBPP) (5) [8–13], and the HMBPP reductase
(LytB/IspG), the last enzyme of the pathway, simultaneously af-
fords IPP (6) as well as DMAPP (7) from HMBPP [14–17]. Such a
branching in the MEP pathway, leading separately to IPP and
DMAPP from a same intermediate, was suspected at an early stage
of the elucidation of the pathway by genetic methods [18] and by
incorporation studies of DX or ME isotopomers. The incubation of
labeled DX or ME, with 2H labeling at C-4 or C-3, respectively, into
the prenyl chain of ubiquinone and menaquinone of Escherichia coli
[19,20] or into the monoterpene cineol of Eucalyptus globulus [21],
carotenoids or the prenyl chain of plastoquinone of plant cell cul-
tures [22,23] disclosed surprisingly different labeling patterns. A
ﬁrst attempt to interpret this puzzling labeling diversity [12] was
only possible once enough data concerning the mechanism of the
HMBPP reductase catalyzed reaction was available. This aspect will
be discussed here, taking in account the labeling patterns of plas-
toquinone (9) and phytoene (10) (Fig. 2) isolated from tobacco
Bright Yellow-2 cells grown in the presence of doubly-labeled
[2-13C,4-2H]DX (Fig. 1, 1). This experiment allowed determining
without ambiguity the origin of each isoprene unit, from sucrose,lsevier B.V. All rights reserved.
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Fig. 1. MEP pathway for isoprenoid biosynthesis: hypothetical biogenetic scheme for the incorporation of [2-13C,4-2H]deoxyxylulose (1) into the isoprene units of
plastoquinone and cis-phytoene, the plastid isoprenoids of a Tobacco Bright Yellow-2 cell culture.
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Fig. 2. Plastid isoprenoids of a Tobacco Bright Yellow-2 cell culture: cis-phytoene (9), plastoquinone (10).
130 D. Tritsch et al. / FEBS Letters 584 (2010) 129–134the carbon and energy source, or from the doubly-labeled DX as
well as from IPP or from DMAPP.
2. Materials and methods
2.1. Preparation and incubation of [2-13C,4-2H]-1-deoxy-D-xylulose[2-13C,4-2H]-1-deoxy-D-xylulose was synthesized in several
5 mL batches using a partially puriﬁed 1-deoxy-D-xylulose 5-phos-
phate synthase (DXS) preparation of E. coli [24]. The reaction wasperformed in a 50 mM triethanolamine buffer pH 7.7 containing
5 mM MgCl2, 2 mM thiamine diphosphate and 2 mM DTT at
37 C. A 50 mM concentration was utilized for [2-13C]pyruvate acid
(99% isotope abundance, Miamiburg, OH, USA) and D-[2-2H]glycer-
aldehyde (98% isotope abundance, Omicron Biochemicals Inc.,
South Bend, IN, USA). The reaction was initiated by addition of
DXS (0.8 mg) and followed by titration of the residual pyruvate
with L-lactate dehydrogenase. When the pyruvate was fully con-
sumed, the reaction medium was frozen and lyophilized. The
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Fig. 3. Inﬂuence of DX on the D-xylulose and DX kinase activity in TBY-2 cells.
Crude extracts from cells cultivated in the absence and the presence of DX were
D. Tritsch et al. / FEBS Letters 584 (2010) 129–134 131labeled DX was dissolved in a minimal volume of methanol leading
to a partial precipitation of salts, which were eliminated by centri-
fugation. The solutions were pooled, and the solvent evaporated
under reduced pressure. The residue was dissolved in H2O (2 mL)
and loaded on a Dowex 1X8 (Fluka) column (1.2  6 cm) previ-
ously equilibrated with H2O. The column was washed with H2O
to recover [2-13C,4-2H]DX. The fractions containing the labeled
DX were pooled and lyophilized. The residue was dissolved in
H2O (10 mL). The DX concentration was enzymatically determined
in two steps: DX was phosphorylated with His-tagged D-xylulose
kinase from E. coli [25], and the resulting DXP was titrated with
His-tagged DXP reductoisomerase [26].
TBY-2 cells were grown for 8 days in the presence of 0.5 mM
[2-13C,4-2H], and plastoquinone (9) and phytoene (10) (Fig. 2) were
isolated and characterized by NMR spectroscopy as previously de-
scribed [23,27,28] (see Supplementary data).
2.2. Inﬂuence of the presence of DX in the growth medium on
D-xylulose kinase and DX kinase activities in TBY-2 cells
TBY-2 cells were obtained from 60 mL cultures grown in the ab-
sence and in the presence of unlabeled DX (0.5 mM) in two Erlen-
meyer ﬂasks kept in the dark (26 C, 174 rpm, 6 days). After
harvesting, the same aliquot (2 g) was ground in a mortar with li-
quid nitrogen. The powder was suspended in 50 mM Tris–HCl buf-
fer (pH 8.0, 2 mL) containing b-mercaptoethanol (5 mM). After
centrifugation (14 000 rpm, 30 min), the supernatants were as-
sayed for D-xylulose and DX kinase activities by using a radiometric
assay [25]. Protein concentration was estimated by using the Brad-
ford protocol [29] (Bio-Rad/Germany protein assay reagent) and
bovine serum albumin as a standard.assayed for D-xylulose and DX kinase activity by using the radiometric assay.
Results are expressed as produced xylulose phosphate (%) (A) or DXP (%) (B) in
function of time (min) for TBY-2 cells cultured in the absence (h) and (j) in the
presence of DX (0.5 mM).3. Results and discussion
The 13C NMR spectra of plastoquinone (9) and phytoene (10)
(Fig. 2) obtained after incorporation of [2-13C,4-2H]DX were greatly
simpliﬁed as compared with those of the natural abundance com-
pounds. Only the signals corresponding to the labeled carbon atom
were present. All others signals corresponding to natural abun-
dance carbon atoms emerged only barely from the background.
13C isotope abundance reﬂects the efﬁciency of [2-13C,4-2H]DX
incorporation into the isoprenoids. All isoprene units were identi-
cally 13C labeled, with nearly the same abundance (>95%, as evalu-
ated from the quite low intensity of the non-labeled carbon atom
signals) as the labeled precursor. Accordingly, no signiﬁcant de
novo DXP biosynthesis (<5%) occurred from unlabeled sucrose,
the carbon and energy source provided to the cells, indicating that
all isoprene units were nearly exclusively synthesized from
[2-13C,4-2H]DX. Free DX is incorporated into plant isoprenoids
after in vivo phosphorylation by a cytosolic non-speciﬁc D-xylulose
kinase [30]. DX addition to the culture medium resulted in a signif-
icant increase of D-xylulose kinase activity (Fig. 3). Consequently,
labeled [2-13C,4-2H]DXP can be efﬁciently synthesized from free
[2-13C,4-2H]DX (1) and directed toward the synthesis of isoprene
units. Efﬁcient incorporation of precursors (glucose isotopomers,
DX) into the isoprene units has been reported earlier for TBY-2
cells and constitutes one of the main advantages of this biological
system [31]. In addition, no 13C scrambling has been observed.
Only one carbon atom, corresponding to C-4 of either IPP or
DMAPP (Table 1), was labeled in the isoprene units of phytoene
and plastoquinone with the same 13C isotope abundance as that
of [2-13C,4-2H]DX. This excludes any catabolism of the labeled sub-
strate and recycling of resulting metabolites.
Incorporation of 2H from [2-13C,4-2H]DX could be deduced from
the 13C NMR spectra. All 13C-labeled carbon atoms from phytoeneand plastoquinone were characterized by two signals. The most in-
tense one had the usual chemical shift, indicating that no deute-
rium was present in a, b or c position of the 13C. The least
intense signal was upﬁeld shifted by ca. 90–100 ppb (Table 1), indi-
cating the presence of a deuterium in b position of the 13C. The 13C
relaxation times being identical in the deuterium labeled and the
non-labeled molecules, the relative areas of the shifted and the
non-shifted signals afforded the 2H abundance (ca. 12–15%) of
the isoprene units (Table 1). 2H incorporation was nearly identical
in all isoprene units, whichever they were derived from IPP or from
DMAPP.
2H isotope abundance in the isoprene units is the signature of
their origin, either from IPP or from DMAPP, in the MEP pathway.
The incorporation of [2-13C,4-2H]DX into the plastid isoprenoids
from TBY-2 cells allows a direct in vivo evaluation of the respective
contribution of the IPP and DMAPP branches resulting from the
HMBPP reductase catalyzed reaction (Fig. 1). This enzyme converts
HMBPP into either IPP or DMAPP [11,13,14]. It contains in its active
site a [4Fe–4S] prosthetic group, ﬁrst characterized in the E. coli en-
zyme by EPR spectroscopy upon reconstitution and dithionite
reduction to the reduced [4Fe–4S]1+ state. This result was con-
ﬁrmed by Mössbauer spectroscopy data obtained without an ap-
plied ﬁeld on the enzyme isolated in anaerobic conditions [32]
and more convincingly in the presence of an external applied ﬁeld
on the isolated enzyme as well as in vivo on intact E. coli cells over-
expressing the HMBPP reductase gene [33]. In as-isolated enzyme
preparations (i.e. without reconstitution of the Fe/S cluster), only
the spin ½ [3Fe–4S]1+ form, resulting most probably from the deg-
radation of the [4Fe–4S] cluster, was detected in the E. coli enzyme
Table 1
13C NMR spectra of cis-phytoene and plastoquinone from Tobacco Bright Yellow-2 cell culture after incorporation of [2-13C,4-2H]deoxyxylulose.
Carbon atom No deuterium labeling Deuterium labeling b-Shift
d (ppm) % d (ppm) % Dd (ppb)
cis-Phytoene
Isoprene units from DMAPP
C-1 131.337 85 131.233 15 114
isoprene units from IPP
C-5 Signal not observeda
C-9 135.312 84 135.257 16 103
C-13 139.660 88 139.560 12 100
Plastoquinone
isoprene units from IPP
C-3 139.771 88 139.664 12 107
C-7 135.404 88 135.301 12 107
C-11, C-15 134.889, 134.914 b
C-19, C-23 134.942, 134.942 (2) b
C-27, C-31 134.976 b
Isoprene unit from DMAPP
C-35 131.324 87 131.220 13 104
a Overlapping with signals from unknown compound(s).
b Overlapping signals, Dd not determined.
132 D. Tritsch et al. / FEBS Letters 584 (2010) 129–134either by EPR [12,34] or directly by X-ray crystallography of the
E. coli [35] and the Aquifex aeolicus [36] enzymes. Such Fe/S cluster
enzymes are involved in one-electron transfer reactions, and the
intermediate involved in the conversion of HMBPP is most likely
the allylic anion (8) (Fig. 1). Incubation of [2-13C,4-2H]DX in 2H2O
in the presence of the E. coli HMBPP reductase and the NADPH/ﬂa-
vodoxin reductase/ﬂavodoxin reducing system led to 2H incorpora-
tion into IPP and DMAPP, proving the protonation of an anionic
intermediate [37]. Further equilibration of the resulting deuterated
IPP sample with a type I IPP isomerase of known enantioselectivity
(i.e. eliminating the pro-R proton of IPP) resulted in the formation
of 2H-labeled DMAPP, indicating that the protonation performed
by the HMBPP reductase on intermediate (8) occurred on its Si
face [37]. This implies that HMBPP reductase produces from
[2-13C,4-2H]DXP upon protonation of intermediate (8) either
(2R)-[2-2H]IPP (6R) after protonation at C-2 or [2-2H]DMAPP (7)
after protonation at C-4 (Fig. 1). Isoprene units from both branches
are labeled with 13C starting from [2-13C,4-2H]DX, but the deute-
rium labeling depends also on the presence of the IPP isomerase
and the trans-prenyl transferase, which eliminate both the pro-R
proton of IPP. The isomerization of (2R)-[2-2H]IPP (6R) to DMAPP
results in deuterium elimination, whereas the isomerization of
[2-2H]DMAPP affords (2S)-[2-2H]IPP (6S), which retains is deute-
rium throughout the biosynthetic pathway. In the chain elongation
by the trans-prenyl transferase, the deuterium from (2R)-[2-2H]IPP
(6R) is also eliminated. Consequently all isoprene units derived
from the DMAPP branch retain their deuterium, whereas those
from the IPP branch do not contain any deuterium (Fig. 1). Incorpo-
ration of [2-13C,4-2H]DX allows the in vivo evaluation in plant cells
of the protonation ratio (ca. 85:15–88:12, Table 1) at respectively
C-2 and C-4 of intermediate (8) by the HMBPP reductase, leading
either to IPP or to DMAPP. It gives also the respective contributions
of the IPP and DMAPP branches to the formation of isoprene units
in the MEP pathway [22]. This value is similar to those observed
in vivo or in vitro with bacterial systems: a genetically engineered
E. coli strain overexpressing the HMBPP reductase gene (lytB) in
addition to the xylB gene encoding the D-xylulose kinase gene (re-
quired for the phosphorylation of DX) and all other genes of the
MEP pathway after incorporation of [U-13C5]DX [16], a crude
E. coli wild-type extract containing recombinant E. coli HMBPP
reductase [16], the recombinant enzyme from A. aeolicus in the
presence of dithionite [15], the puriﬁed E. coli enzyme upon recon-
stitution of the cluster and in the presence of a reducing system
(ﬂavodoxine/ﬂavodoxine reductase/NADPH or the semiquinoneradical obtained by photoreduction of 5-deazaﬂavine) [12] or the
as isolated E. coli enzyme from an E. coli strain overexpressing
the isc operon involved in the assembly of Fe/S clusters [34].
The apparently contradictory labeling patterns observed upon
incorporation of [4-2H]DX or [3-2H]ME can be interpreted in the
frame of a single biogenetic scheme (Fig. 1). Since most DMAPP-de-
rived units (ca. 85%, Table 1) do not contain any deuterium, it can
be concluded that IPP isomerase is well active in TBY-2 cells. In-
deed, non-2H-labeled DMAPP is synthesized from (2R)-[2-2H]IPP
(6R) by the IPP isomerase and incorporated as starter for the for-
mation of the prenyl chains. Simultaneously, (2S)-[2-2H]IPP (6S)
is synthesized by the same enzyme through protonation of
[2-2H]DMAPP and incorporated into the prenyl chains by the
trans-prenyl transferase with 2H retention, the 2-R proton being
eliminated.
In contrast, IPP isomerase activity is minimal in wild-type E.
coli. A dual labeling pattern was found in the isoprene units of
the ubiquinone and menaquinone prenyl chains, with deuterium
retention in the starter units derived from DMAPP and deuterium
loss in those derived from IPP [18]. Such a dual labeling pattern
was also observed in an E. coli mutant with the dxs gene being de-
leted after incorporation of [3,5,5,5-2H4]ME [20]. Quantitative
retention of the methyl-D-erythritol (ME) C-3 deuteriumwas found
in the isoprene units derived from DMAPP and quantitative loss in
those derived from IPP. Feeding of E. globulus twiglets with
[4-2H]DX suggested a similar labeling pattern in the two isoprene
units of the monoterpene cineol, the DMAPP-derived unit retaining
some deuterium, whereas deuteriumwas merely absent in that de-
rived from IPP [21]. A quite different pattern was described for a
Catharanthus roseus cell culture. Upon feeding with
[2-13C,4-2H]DX, no deuterium was found in the isoprene units of
phytol and carotenoids; the DMAPP branch does not contribute
to the synthesis of these molecules [22]. Incorporations of
[4-2H]DX led to three possible different labeling patterns, suggest-
ing different ways for the regulation of the DMAPP/IPP balance.
They point out the key problem of the role of the IPP isomerase
in the MEP pathway. In E. coli, this enzyme is apparently not in-
volved [38]. In the tested plants, it is active, but the substrate it
is working on may signiﬁcantly differ: DMAPP and IPP in TBY-2
cells, solely IPP in C. roseus. Cell cultures are probably extreme limit
cases, which exemplify the potentialities of plant cells, but may not
represent the effective physiological processes running in whole
organisms growing in normal physiological conditions. Complete
elucidation of these puzzling problems requires a better knowl-
D. Tritsch et al. / FEBS Letters 584 (2010) 129–134 133edge on the mechanism of the LytB-catalyzed reaction and rises
the problem of the role of the plastidial IPP isomerase [39], which
may guarantee a ﬂexible adjustment of the IPP/DMAPP ratio to the
biosynthetic demand for isoprenoid derivatives with varying chain
lengths (carotenoids, side chains of plastoquinone with nine iso-
prene units and of chlorophylls, phylloquinone and a-tocopherol
with four units) [40,41].Acknowledgements
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Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.febslet.2009.11.010.References
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